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SUMMARY 

bcperimcntai data reported in the literature on hydrogen reoctims with (or mrrwion 

of! gmphite materials have been analyzed in on attempt to 1) better rn8entond the mechan'rw 

cf h e  reactions involved, and 2) develop rate eqmtions and reaction velocity oor\stants for 

engineering ona!ysis. 

The thermodynamics of the system carbon-hydrogem WOI fint studied aiid l e d  to the 

conclusion that in the range of temperohms and pressures of concern in  the NERVA reactor, 

both methane and acetyleze reactions must be token into oceornt. At twnpmturer below 

appmximctdy =OR, fire primary reaction is methane formation. Howel-, a? tempaotura 

greater than approximately &R, acetylene fmmmtion pnxbmimrtes. 

It nrc~s postulatd that the mte equations for the m e t  e and acetyime reactions are 

first order with respect to hydrogen. On this h i s ,  rwc t im velocity corrrtonh were ad- 
alated fmm comion datu obtained for the following materials and txperimentd conditim 

Motwiais: A K ,  H U ,  SPK, ATJ, 1102 - Fueled and unfueled, and 

other unspecified graphite. 

Temperature: 1800 to 64!59'R 

Resrure: -0016 lp 1100 p i a  

Mass Flowrate: 
2 -07 to -80 ib/in -set 

The results, presented on on Arhenius plat, showed excellent correlations. 

important facb were obe=ed: 

The following 

1) The octivatior, energies for both fueled and unfueled graphite are the same. 

2) There i s  no significont difference in reaction velocity constants for the 

unfueled graphite materials. 

.. 
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3) The -rent rarction velocity o w ) ~ n t s  Cczr fieled Fphita are higher thon 
thore for the mfudcd; rke awrztpnts i-ing witt i  i nc raad b! loodingr. 

The higher corrosion rota okerved :br fueled gruphite WOS attributed to erosion effects 

resulting fmm the physical r B - 1  of ncm-reacting W beodr which contributes to the 9ver0lI 

weight loss or surface m i o n  of the frUlhViGi. An empirical equotion was prop& TO 

(i:axmt for emsi- m a functior. of the fuel loading and mass velocity. 

The higher activation energy obatrved for the acetylene reoction suggests that i f  

reockn were to be operated at tenperoturer higher than h e  presently designed, acetylene 

Cwmotion w i l l  be potentially the more serious of the tnro corrosion reoctiora 

As independent checks on ?he validity of the rote equations and the reaction velocity 

correlotbns d e v d q d ,  nydmgen cornion of graphite reoclor componenk were analyzed. 

The experimental data amilaMe are the following: 

1) Isothermal corrosion of unfueled, uncoated, 19-hole elements. 

2) Center hex corrsion from a single-ctuster corrosion test carried out in the 

4-10 furnace. 

3) Fifty-six (56) inch long AIJC graphite annulus (. 010-inch gap). 

Uncoated coolant channels in a E,-fueled, 19-hole element, tested 

in the A-2 furnace. 
L 

4) 

The results showed excellent agreements in general Jetween calculated and observed 

local coIrosion dot- and between calculated and observed overall weisht losses. The small 

. .. ... .-. . I 

... 
I l l  



deviations observed con be attributed to the b c t  that erosion effects on unfueld graphite 

were neglected. 

b i M e  mechanisms of the corrosion reactions were diSCussed, and rote equotio;a 

were derived on the basis of a sdoce reaction mechanism. The theoretical equations were 

shown to be consistent with the empirically developed phenomenoIogica1 equations. 

of d i h i m  were calculated and axnpared with rhe apparent reaction mtes. The resulfs 

showed that the rates of diffmion were significantly greater, thus providing further evidence 

an the validity of the surface reaction mechanisms. 

Rates 

The recommended reoction velocity constants h r  the methane and acetylene reactions 

QTe: 

C, = 8,975 exp (- 48,9oo/RT) in/sec (methane) 

d 

kg = 574 exp (0 88#ooo/RT) in/sec (acetylene) 

where 

R =  1.9872,and T i s  i noR 

On the h i s  of the excellent correlations obtained on data taken from a variety of 

graphite materials and flow geometries, it is felt that the reaction velocity constants re- 

commended can be used with confidence in h e  analysis and design of NERV4 reactors. 

The effects of radiation and heat of reaction on the rate of  corrosion were briefly 

discussed and oreus where further experimaital studies are required were suggested, 

The appl ication of corraion measurements to high temperature determinations were 

illustrated,and a simple equation for the calculation of maximum locgl corrosion rates was 

given. 

iv  



Astronuclear 
Laboratory 

WANL-TME-1 IS1 

TABLE OF CONTENTS 

S-rY 
List o f  Tables 

List of Figures 

Introduction 

Thermodynamics of the H2-C System 

Reviws Work and Experimentol Data 

Development of Rate Equations 

Methane bnnation 

Acetylene Formation 

Testing the Rate Equations 

Further Verification of the Correlations 

Effect of Physical and Chemical h i o n  on Overoll Ccrmsion or Graphite 

Effect of Fuel boding on Corrosion 

Corrosion c;i Pyrcqiaphite 

Hydrogen Corrosion of Gmphite Components 

Unfueled Elements 

A U  - Gmphite Annulus 

Uncoated Coolant Channels 

Center Hex Corrosion 

Discuss ions 

Corrosion Meaurements of Aid to Analysis 

Mechanisms of Hydrogenation Reoc t ions 

Rota of Bulk Diffusion and Pore Diffusion 

C a h n  Deposition 

V 

- Sge 

.. 
I t  

vi i  

v i i i  

1 

5 

3 

a 
9 

10 

11 

15 

20 
20 

23 
24 

24 

26 

28 

28 

32 

32 

34 

38 

38 



A 

TABLE OF CCINTENTS (CONTINUED) 

Effect of Radiation 

H e a t s  of Reaction 

Moxirnun L ~ c a l  Rate of Cornion 

Recommended bperimmtal Studies 

Coclcl us ions 

A&nowledgnents 

Nomenclature 

References 

Appendix I 

Appendix II 

Appendix 111 

Appendix IV 

Appendix V 

Appendix VI 

Astronuclear 
Laboratory 

WANL-TME-1151 

Page 

35 

39 

40 

41 

42 

44 

45 

47 

49 

51 

55 
57 

59 

62 

- 

v i  



Table No. 

I 

II 

111 

IV 

Astronuclear 
laboratory 

WANL-TME-1151 

LIST OF TABLES 

Page 

64 

- Title 

LASL Corrosion Tests on Unloaded, 19-Hole Hexes 

Corrosion of AUC Annulus 1-1/8 Inch Diameter, . 010 Inch 
G P  65 

Corrosion of Uncoated Coolant Channels 66 

Corrosion of Unlined Support Block (ATJ Graphite, Sp. Gr. = 
1.73) 500 p i a  67 

vi i  



NK PAGE 



figure No. 

1 

5 

5 

7 

10 

11 

Astronuclear 0 laboratory 
WANL-TME-1151 

LIST OF FIGURES 

Title Poae 

Equilibrium Constants for the Most Probable Hydm- 
genation Reactions 4 

Relative Equilibrium Concentrations of Atethane ond 
Acetylene 5 

Comparisons of Experimental Conditiom for Various 
Sources of Data 6 

Ahenius Correlatiop or! Apparent 2eaction Velociby 
Consta~); for First Order Rate €quatiom 14 

Effect of Fuel Loading on Raction Velocity Constants 16 

Comparison of React:clI Yelocity Constants Calculated 
From High and Low Pressure Data 19 

Comparisons of Observed and Calculated Overall Weight 
Loss - 19-Hole Uncoated and Ulfueled Elements 25 

Comparison cf Calculated and Experimental Local Corrosion 
Rates AUC Graphite Annulus - .010 Inch G a n  27 

Comparison of Observed and Calculated Local Corrosion 
Rates Uncoated, NRX-A2 Type Fueled Coolant Channels - 
A-2 hrnace Run 331 29 

Observed and Calculated Temperatiires in the Single 
Cluster Corrosion Test 31 

Comparison of 3bserved and Cclculated Center Hex 
Corrosion (Graphite Annulus) 33 

vi i i  



WANL-TI4E-I 151 

Astronuclear 
Laboratory 

INTRODUCTION - 
Recent KIWI 8-40, B-4E and NRX-A2 tests have clearly shown that hydrogen 

cormsion of unprotected graphite is a serious problem in those reactors. Since succeeding 

NERVA reactors and other advanced reactors are expected to be i&ed 0; operated )or 

longer periods and higher temperatures than thost of the past, the prevention of corrosion in  

NERVA reactors i s  of critical concern. It was recognized that systematic analysis and pre- 

diction of hydrogen corrosion of  reactor compnents are required in order to improve r-ztor 

design and to correctly interpret component and reoctcr test data. Such analyse, however, 

require as a prerequisite a knowleige of  the kicetics of the chemical reactions iivolved. 

Alt)lo*:$i c :age number of experimental .,?dies have been carried out on various hydrogen- 

graphite systems, the results have shown large c'sctepancies and an apporent luck cf correlation 

among all the do:a. Ti.:.. has been generc!ly c :,.ibuted to the cmplexitv of the systems involved, 

differences in ::!,pica1 on._: 'mnical proFertia canons ;he differer!? materials, etc. 

the data presented cal;'zf be v.lc(2d direct';- for engineering analysis. Consequently, all the 

available data on hyhgen-gmphite sys%ms U ~ G  z ~ l y z e d  in +nis report in on atrempt to 

In additi, n, 

1) better understand the mechanisms of corrosion, 

2) develop general rate equations, 

3) develop general correlations for reaction velocity constants, grid 

4) demonstrate their validity and their use by the analysis and cniculation of 

hydrogen corrosion of gaphite reactor components and compuring them with 

experimental results. 

In a flow system (such as those of concern in the NERVA reactor), a simple moterial 

balance on carbon in the bulk gaseous stream yields ot steady-state, the equation 

x r .  d Z  = d (yc N) 
I 

1 
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where 

c o h  in the gcn, and N is h e  tctol gas- molar flowrntc ct or.? locotbn 4. 
r. is the sum of the local rates of h y d r o a h  lownat-kms, 7 is  the mole froction 

8 C 

- -  d r  - a [ t o . r . + b r  ) 
d t  I I  e 

where r is the corrosion in units cf length, a, a;, and b are mnstonts, c d  r 

cf emion. But the local rates of hydrccorbon formation are, in aeneral, fvnctions of the 

local temperature, pressure, and mctant and product imcentfqtions, while the de+ermin- 

ation of the local recctant and proauct concentrotions requires a knowledge of the loca! 

flowmte on<! upstream condiiions. The rate of erosion, r is expected to be a function of 

h e  fluid \.-'ocity, surface condition, etc. Consequently, m moIys is  of hydroge-! corrosion 

df amphire in a nuclear reactor and reactor components requires 

is me rate 
e 

e, 

1\ boric rate equations and their relacior&ips )o the variables mentioned abve, 

2) an intrgffitian of  the f!ow-rmction Equotit? (1) with known temperature, 

prtsw 3, and flow distriburicm to detc-vine m e  *.TU. :vrctant and product 

concerttotiom, and 

- a  I 

3) calculation of h e  local corrosion ro ts  frow Equation (2). 

The detenninatioq of  the bosic rote quations rquires i? turn a knowledge of 

1) the cknica l  reociions taLir39 place, and 

2) the rnec.Llanism(s! of ?he reactions. 

As a first step towards tile development of rate equations, the thennodynamics of the 5ydrogen- 

carbon system shal! be rmmined. 

2 



THEW3DYNAMICS OF THE HS-C SYSTEM 

In the mnge of tempe:a utes and pa~ura of concern in the reactor, the primary 

renctim p d u c t s  are mettnme, acetylene, ethylme, ond ethme. As a canparison tf the 

da t i ve  r e i i t y  o f  these hydixt~rbons, the logarithm of the eouilibriun consr~nts (in tenm 

of port3 preuura) are piottcd vena the reciplocol o f  the absolute tempcobre as shown 

in Figue 1, It is evideit b this figure that methane ond ethane bemcne increasingly 

tarstable at higher temperatures, whereas h e  opposite is true of acetylene and ethylene. 

kmever, since the equilibriwn constan% of metinme ore sigtificantly higher thon rhore of 

the 0th- hydmcarbom at low tempemrums, while those of acetylene are significonfly higher 

tiUn thore of al l  other pcoducb at hi& tempemtures, the bmrotion 

pi- concern in the ceacbr. 

and Ocetylme, the m!io af the e+'!?wiun mole fractions of methone to acetylene are plotted 

v-us the temperoture at constant p5u res  as h w n  in figure 2 

only these two are of 

b r  a further canparism on the relative importance of methane 

It is evident from h i s  F!ot that ot !ow pressures, acetylene becomes importont ot 

relatively low temperatures, while at higher pressures, the appearance of acetylene does not 

bet, 2 significant until higher temperatures are a t b i n d  

PREVIOUS !YORK AND EXPERIMENTAL DATA 

figure 3 presents the source of experimental data on variorn tjpes of graphite and 

the ranges of experinento1 conditions studieu, Note that among the doto available, only 

those of  Hedden, Condahl, ond Londohl were ccrried out over appreciable ranges of pressure 

(130-11W pia). 

Reference 1 were corried out undet conditions that produced prinxrfly the methone reaction 

whereas for the conditions studied by Gulbromon acetylene production is  expected to be 

dominant. 

that both methane and acetylene reoctions can be expected. 

of reactions i s  determined from the pressure dependency and the exponent of the 

1 5 6 

h thermodynatrdc considerotions, i t  can be jhown that the do- in 

2 

Finally, the wide pressure range covered by the datu in Reference 6 suggests 

Since the order of the mtes 

Apomic Ener y Act - 1954 i 3 
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1. O a  

Figure 2 

wat ive Equilibrium Concw,!mt:ons of Methane and Acetylene 
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pressure, the data from References 1 and 5 were used primcrily for the determinotion of 

the "order" of the m e b e  and acetylene reactims. The data from Reference 6 were used 

as independent checks. 

5 10 
Note that the doto frpm hers and Sesonske,4 LondcThl, Lowrie, ond LonQhI 

were obtained over a wide range of temperatures (2550 to 6450'2! and with a wide 

voriety of graphitic materials. Consequently, these were used to obtain correlations for 

the reaction velocity constonis. * 

G u l h m  et.01. 
2 

carried out their study in an alunina tube. Complicating 

s ide  reactions, producing O2 , CO, and C02 were bund to occur. Since the reaction 

rates were determined from graphite weight losses, h e  weight loss due to h y d m c o h  

formation could not be separated fmm those due to the side reactiora. In view of these 

kcts, the results from this work were not used in the analysis to follow. The data on 

SPK graphite were taken at extremely low pressures (1.2 to 4.1 Torr). Although the data 

were very limited, they were reported in such a manner that obsolute reaction ve1oci.y 

mnstcmts can be calculated. 

8 

The r a i n i n g  sets of data obtained from component tests (uncoated bl dements, 

uncoated, fueled coolan: channels, and grophiie onnulm) wi l l  be used as i n d v d e n t  

checks 01 the rate equations to be developed and on the reaction velocity correlations. 

* The reaction velocity constant is  a function of the temperature only. 

7 
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DEVELOPMENT OF RATE EQUATIONS 

The geneml mechanisms of heterogeneous gcu-solid reactions are well known. These 

involve the following successive steps: 

1) diffusion of hydrogen from the bulk stream to the fluid-solid interfoce, 

2) diffusion of hydrogen through the pores, 

3) adsorption of hydrogen on the solid surface, 

4) surface reaction, 

5) desorption of reaction pduct(s), 

6) diffusion out OC the pores, and 

7) diffusion of reoction pduc+s f m  the gos-solid interface to the bulk sit-. 

I f  any one of the above stepd is  significantly slower than the others, then it is the mte- 

conttolling step. The geneml procedure for the determination of a rote equation is to 

1) postulate o mechanism o r  mechanisms, 2) derive the rote equation, and 3) compare with 

the experimental dota. Hence, the developnent of a rate equation for any particular 

reaction involves a trial and errrrr procedure. 

In their studies on the hydmgen-gmphite or hydrogen-ccrrbon systems, Zielke and 
1 4 

Gr in?  Hedden, and Rcg- and Sesonske have postulated chemisorption C: surface 

reaction rate controlling mechan'tum. Both Hedden and Row and Sesonske have pointed 

out the complexity of the hydmgen-gmphite system and the fact that inumerable mte equations 

can be derived on the basis of Step 4 alone! But the volidity of the rate equation(s) must be 

comborated by the experimental data. 

In view of these facts and the often hopeless tusk of determining the cctwl  rot,- 

contro!!ing mechonism(s), i t  is commcn practice to determine empirically the "order" of the 

reaction. 2;. th is approach, a phenmenolqical rote equation con be obtained. 

8 



Methane brmotion 
~ 

1 
On this basis, Hedden showed conclusively that the rate of  methane formation 

is first order with respect to hydrogen. However, from data taken over a very l imited 

pressure range, Rogers and Sesonske concluded that the rate of corrosion of gmphite 

is of zero order with respect to hydrogen. Rogers and Sesonske did not measure 

hydmcorbon concentratiom, but k e d  their rote equation entirely on the methane 

reaction. It Can be readily seen from Figure 2 that at the temperatures and pressures 

investigated by Rogers and Sesonske, acetylene formation cannot be nealected. This 

may explain the apparent zero order mte equation determined by Rogers and Sesonske 

for methane formotion. 

4 

Hedden showed that the firrt order rate equatior is compatible with the rate 

equation derived by Zielke and 

Hedden obtained his kinetic doto from a packed bed of  graphite particles. 

postulated that the rate of methane formation is proportional to the m0s3 of the 

graphite present. But, such a rate equation cannot be applied to systems other than 

that studied. 

of methane fonnatim i s  proportional to the gross extemol surface or-; whence, 

who s t d i e d  the hydrogenation of chars. 

It wos 

For a more general rate equation, i t  is postulated hew ?!-,d r i . 2  ere  

whme k i s  the forward reaction velocity constant in the methane reaction 1 

1, 
k 

C + 2 H 2  ' k i  "4 

RESTR,. , -DATA 
Atomic 6rn g y  A d  - i 4 5 4  9 



5e wsxnirrrn n a t p  
-. . 
,m. ' 7 Mer : w e  - 

and K is  the equilibiun constant in terms of concentmtioru: 1 

equil. 

Acetylene Formation 

4 Although at the tempemtura and pressures studied by Roge., ond Sesonske 

und G u l h e n  et 01, acetylene is expected to be an important reaction product, 

this was not taken into considerotion by these investigators. In the abserrce of a 

known rate equation, i t shall first be postulated that the rote of acetylene fczilation 

is also first order wiih respect to hydrogen, then the rote equatisn wi l l  be tested 

against available data, The general rate equation k r  acetylene formotion 

2 

is  

nC2H2 = k * S  (CH2 - cc* "2) 

d t  K2 
(7) 

where 

- 
K2 - 

k 

k; 
equil. 

A t o r n i q e r g y  Act - 1954 
47 

10 
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Testing The Rote Quotiom 

Fbr the Coliowing conditions: 

a) ideal gus behavior, 

b) small grou-surfoce oreas, i. e. small test sampla or near the in'let 

of a tubular chemical reQctDr, and 

c) the equilikiwn corrstants ore large annpored to the mole fmct-on 

reaction product, 

It con be shown (as derived in Appendix I) that Equations (3) and (7\ reduce to the 

cimplified fom 

k , S P *  d n  
"4 - 

d t  

and 

k *  s P C2H2 - - 
d n  

'G d t  

(9) 

Neglecting the effects of erosion as a f i rs t  approxirration, the rate of gro*#ite 

corrosion (or surface regression) in mils per minute, r, can be given by $e equotion 

*Note: The order of the rate equation is  determined by the expcnent on the pressure. 
By plotting the lowrithm of he initip.1 rote versus the logarithm of the pressure, 
Hedden obtained a unit slope, thus 1 erifying the validity of the first order 
equation. 

91 



618 PI( (k + 2 k 2 )  = '7 618 P 

r = T  1 G 

am be amsidered an overall, pseudo reaction velocity constant. 

principles, it is known that the reaction velocity constant is an exponential function 

of the tempemtwe, i. e., the Arhenius relationship: 

Frwn basic chemical 

- AH/RT k = y e  

where y :s a frequency factor, and AH i s  the activation energy. Hence, i f  the rate 

equations pstulated are correct, a plot of I n  K versus 

curve, givins stroight line comelatiom in the limit of predominantly acetylene for- 

mation at high temperatures and predominantly methane formation at low temperatures. 

To test this, d u e s  of K were calculated from data takes? under conditions hot 

satisfy those l is ted above. The data, for unfueled graphite, were obtained from the 

following sources: 

1) 

should yield o continuous 
1 
f- 

5 
Londahl 

types of graphite, b) uricLoated graphite nrpport block, c) graphite 

annulus, and 

Rogers and Sesomke - data taken near the inlet of a tubular grophrte 

reactor. 

- a) isothermal corrosion studies on small coupons of various 

, 

4 
2) 

12 
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%e data in  1-0, 1 4  and 2 were token f ~ m  small  samp!es or from near the 

in!& I.! 5 +l-&>lrrr reactw- fhe &to in 1-c were ; a h  under cond:tions that pro- 

duced primarily methone and such h t  the equilibrium constants were large compared 

to !he moie httions acetylene. It Is appa:ent that these conditicns confom k h e  

stipulated in the derivation of &wi;cx (12). 

The results are shown in figure 4. It is clear from thi: !&pre that s ide  fran 

*e two low temperature Qta points for pywgmphite, there is no appreciable scatter 

nong the Goto. In the l i m i t  of low temperatures, it appam that the data m y  be 

fitted to a stmight line with on activation energy of 48,900 BTU/ ib-mole or 27.2 

kwl/y--mole. The high temperature dota were taken under condiiions which pm- 

duced primarily acetylene, ~ n d  the doto suggest that the ccetylens reaction has a 

higher activation energy. The tentative straight-line Ahenis correlations for the 

reaction velocity constants k and k are shown QS dotted lines. The activation 

energy for the acetylene reaction is calculated to be 88,OOO BTU/lbmole or 48.9 

kcaI/gmlnole. 

1 2 

1 The data of Hedden wos not used in the above correlations because Hedden 

carried out his study in a packed bed of graphite particles with an unknown surface 

area. The packed bed wof relatively long so that the observed reaction rates in the 

bed represent average values m the effect of concentration changes Cannot be 

evaluated. Nevertheless, the relative reaction rates at the wide range of pressures 

studi-.d do provide a valid correlation on the order of the reaction. While Hedden's 

data cannot be used to determine meaningful reaction velocity constants, they can be 

used to check the reaction velocity correlation developed i f  the void volume of the 

pocked bed, the flowrates and the surface areas ore known. 

totiom required are excessive. 

the w i d  volumes, such wlzulations are not justified. 

However, the compu- 

In view of the uncertainty of the surface areas and 

As i t  w i l l  be discussed in a 

REST;;: TED DATA 
Atomic :,&,Act - 1954 13 
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lo4 OR-l 
7 - 8  

Figure 4 

Arhenivs Correlation on Apparent Reaction Velocity 
Constants for First Order Rate Equations 

14 
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later section, data from more simpi 

channel: shall be used for independent checks on the correlatioii. 

flow system such as straight tubular and annular 

Rogers and Se-nske's data on TS-34 graphite also could not be used because 

the pressure le :I and the inlet methane concentrations are unknown. For example, 

i f  the inlet gas i s  initially saturated with methane, then cowxion would be due to 

acetylene reactions only, and Equation (IS) cannot be urd to calculate the 

apparent reaction velocity constants. This and another special case shal I be discussed 

in a subsequent section. 

To test further the validity of the pa-tdatej rate quations, and to ascertain 

the activation energies, values of K were caicdated for corrosion data obtained 

from uranium oxide-fueled grophites. The results are compared with chose k r  un- 

fueled graphite in  figure 5. 

data at the lowest fuel loading, diere appears to be a correlation between the 

frequexy factor and the amoun* -f fuel loading; the same activation energy appears 

to hold for both fueled and non-fueled graphite. At 4W0R a relatively abrupt 

change in the slope as well as the frequency factor can be observed. This may be due to 

the fact thot at this temperature, there i s  a change froin predominantly methane 

formatim to predominantly acetylene formaticn, It 1; readily seen that thz increased 

slope at +is point is  in good agreement with the slope for k, (acetylene reaction) 

determined from unfueled graphite. 

It is evident from th i s  comparison ttu t, except for the 

1 

hrrther Verification of the Correlations 

Note that the values of K plotted OF Figures 4 and 5 were calculated from 

Equation (12), which was derived on the assumptions that the equilibrium constants 

are large compared to the mole fractions. These assumptions and the treatment of 

data i s  generally valid for 

15 
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1) high temperatures (T > 38OOOR) OCG all pessures, and 

low temperotures (T < BOOOR) and hi$ pressure. - 2) 

A more seneml equation is the following: 

Note h o t  K , the equilibriwn ccrtstant for acetylene increases mpidly with tem- 

pemture, io that it is genemlly always siwificontly greoter that y 

tempemturs (T <- BOOOR) and low preaura,volua of K 

for methone in r e m s  of mole froctiom, becomes moll and opprooches y1 if &e 

flowroies were low or i f  the inlet gas is satumted with methane. 

specice conditions, Eqmtion (12) does not opply; the tiat term in Equation (14) 

becomes negligible compared to the second term , ond i t  con be simplified to 

2 
But ot low 2 

the equil;briun constant - 1' 

Ulder these 

or 

17 
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beoames nq!igible and Equut'kn 
'2 Now i f  the fl3id velo:;ty is relctiv&y high, - 
K2 

(15) d u c e s  to 

13 
These porticular conditions are satisfied 

the corrwion of a single gmphite sphere. The w l u s o f  2 k2 calcuiated by Eqwtion 

(15) for this set of data are compared in Figure 6 with those computed from data 

taka at high pressures (figure 4). 

5: recmt &tu of Sanden, who studied 

Excellent ogmment is evident. 

2 
The datu i9 Gulbmmen et.01. were also tt-ken d e r  these genrrol COT#- 

ditions. However, as i t  wx pointed out earlier, mpliccrting side racctiocr; 

O C C ~  :? in the test system used. Nevertheless their results were calculated 

according to Equation (15) and are 3150 shown in Figure 6 for a qualitative =om- 

pariscn. Note that the side reactions are expected to produce CO and COP among 

other products. Since these reactions corrode gmphite i. adohtion to the hydm- 

germtion reactions, the overall weight loss would be greater than that due to hydro- 

gen corrosion alone; hence, os anticLpated, the calculated apporent reoc'ion veloc, y 

constants are greater than the actual values of k 

Figure 6. The sxnewhat differentdopesobsewed may be attributed to the fact 

that the activation energies for the oxidation reactiom are dtffercnt *han those 

of the hydrogena t ion reocti0.x. 

That this i s  true is  evident from 2' 

TA 
4 18 
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!t is  evident f.mT8 the s i p i % m t  correlations obbined in Figwe 4, 5 and 6 

that the fi5t order rate equations pmtulated me applicable a d  he scme activation 

encrgi- hold for the following types of graphite. AK, ATJ, HQLM, sM8 uOp- 
hdrd and unfueled graphite. 

gmphites were taken at considerably lower temperatures, the reac?ion vdmi ty  con- 

stunts for the methane reaction can be extrapclated with confidence to lower tem- 

peratures by the r6e of the Arhenius relationship and an activation energy of 29.4 

kcal/gm-mo!e. 

In vi- of this fact and that the data for fueld 

Since the pseudo reaction velocity co.stunts were colculoted from vuol! re- 

gression data, the apparent frequency factors may not be thore for the rwctio: velocity 

constants of the chemical reactions. To determine the true frequency facton, the 

effects of erosion and surface effects on OveiOlI  conoshn must be evaluated. 

In gmeml, erosion is expected to be o function of the fluid velocity, surface 

conditions, and the amount of nonreactive materials present in  the gmphite. fhe 

effects of these Foctors shall be analyzed. 

EFFECT OF PHYSICAL AND CHEMICAL EROSION ON OVERALL CORROSION OF 
GRAPHITE 

Effect of Fuel Looding on Corrosio;; 

The effect of the presepce of non-reactive materials on the overall corrosion 

of graphite appears during the corrosion of fueled materials. A comparison of the 

K values (Figure 5) for fueled and unfueled graphites clearly showed that the 

activation energy is  the same for both, 'but the frequency factor increases with 

increasing fuel Icad:ng. This i s  not surprising, because the presence of non-reacting 

(with hydrogen) uranium fuel particles contributes to the overall loss of material. 

Snc? the K vdues were calculated from wall regression &tu, i t  follows that these 

should give higher values than those of unfv-ded graphite. 

20 
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In the absence of flow, the contribution of fud ioading to overal! wall ie 

gression can be evaluated as folbwts 

Let P & the fud I0afir.g in gn of huei per cc of fueled graphite, p the 

specific gravity of the graphite matrix, s the specific 

then in one cc of the g e i t e ,  there is O gr of M, tmd p (I - Q s )  

gn of graphite. It foilows that if 

cornion, d gm of material would be rQmoved by ems'm. The mtb of weight 

eroded to weight chemically c o r d e d  shall be denoted by p. This mtio is a h c t ' m  

of the fuel looding as given by the relationship 

. % of the fuel awnpound, 

(1 - a/.) gn of d i t e  is removed by chemical 

2 
P =  

p(1- 4-1 
It becomes apparent that from the standpoint of physic01 e 6 0 n  alcme, fueled gmphite 

would have a highc corrosion mte than that of the mfueled. 

The doto shown in figures 4 and 2 were tukm with moss velocities w i n g  

from .07 to -80, yet there is no m p r e c i ~ L ? e  scotter anumg the data for unfueled 

grophite. Moreover, Gulbmnwwr okewed no signiiiamt difference in com'm 

between flow and stotic systems. Consequently, i t  m o l  be concluded that in the 

mnge of flowrotes of interest in the NERVA reactor, m i o n  of unfueled gmphite has 

no significant effect on the oreroll corrosion. Thus, the stmight lines drawn thmugh 

the doto in figurer 3 and 4 represer.t the average rscction velccity #wrstonts obtained 

f m  the doto. 

In the case of fueled gmpclite, i t shall be postulated that the loool rote of 

erosion i s  pmportional to the loco1 rate of corrosion, fuel loading, and mass vdocity. 

21 
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r T =  r + a g G r  
C C 

= r c ( l +  a g  G) 

2 
&ere G is  givm in lb/in -3ec. 

The dab obtuined by bndahl on u02-fded gropk.Ite coupom could not 

be used R colculate the constant, a, because he cmss-sectional area af the 

g q A ; t a  k: L. which me coupons were hdd is unknown. 

In view of the fact hat very limited doto were avoilable for the determination 

of the constant, a, t+*xrtion (24 must not be used for extrapolation to flowmtes and 

fud loodingr considembly beyond h e  studied. 

22 
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From the wing analyses, the following importont observations m y  be 

Neglecting erosion effects, the corrosion behavior of all gmphite materials 

(with the exception of pymgraphite) appears to be the me. 

b n  does not have o s i g r i f i w n t  effect on the corrosion of unfueled 

gmphite. 

Em&n has on appreciable effect on the corrosion of fueled graphite; the 

ovemll corrosion incr-.ng with increasing fuel ioading, 

The methane reaction has an activation energy of 27.2 kcal/gm-male. 

me acetylene reaction has an octivotion energy of  48.9 kcal/gm-mole. 

The progmphite data presented in Figure4 wosbused on corrosion in the direction 

normal to the bowrl plane, "C" direction. The unique structure of pyrolytic graphite 

is well known If  it i s  considered that the first in a series of steps leading to hydro- 

(lawrtkn of gmphite occurs 05 an attack on the exposed edges of the graphite lattice 

(os proposed by Zielke and Grin), then it m y  be expected that for the corrosion of 

pyrolytic graphite, this first step, rather than a surfac? reaction step, is rote am- 

holling. This i s  due to the fact that the densely pocks* trystullites in pyrolytic 

ClmpLlite present o minimum of ex@ lattice edges. However, i f  hydrogen flow is 

porollel to the surface, or i f  surface defects exist, the hnellor structure may present 

as mony exposed lattice edges per unit gross surfoce arm GS ordinary graphite. This 

seems to be suggested by the {act that at relatively low :empemtures, the apparent 

reoction velocity constants (K) calculated are significantly lower than those of the 

other gmphites (see figure 4). However, at higher tempemtures, the K vu!ues are 

the Same as h e  for nonnol grophites. It may be assumed that at higher temperatures 
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the surface is attacked more reodily, thus exposing subsequent layers and larger sur- 

hce  areos. Moreover, hydrogen may flow between the layen, thus increosiag the 

effective reaction surface areas. The data available are inadequate for the deter- 

mination of the specific reaction velocity constants. However, thme presented 

in figure 4 suggest thot at tempemtures greater than 40330~, the reaction velocity 

constant eqwtion for normal graphite may be used for pyrolytic graphite also. 

HYDRCGEN CORROSION OF GRAPHITE COMPONENTS 

As independent and critical c!!ecks on the validity o f  the rate equations developed 

and the reaction velocity correlations, the local corrosion mtes and/or the overall weig'?t 

losses were predicted from known geometries, flowmtes, temperature and pressure distributions 

b r  those sets of component test dab that include these information. These dab are described 

in detail below. 

Unfueled Elements 

A number of experimental tests were carried out at LASL on approximately 

12-inch long, unloaded elements in an attempt to study the effect of pressures and 

flowrates on the corrosio2 of graphite. 

tests were carried out under isothermal conditions, and the gas was preheuted by 

passing througLl an electrically-heated, coated element mounted upstream of the test 

piece. Post test examination o f  the test specimens showed fairly uniform cormion 

both axially and among the 19-holes. This essentially verified the existence of 

isothermal conditions. The solution of the flow reactor equation i s  given in Appendix 

II. The flow equation was first inregrated to gi 2 the axial distribution of the hydro- 

carbon concentrations. 

cotculated. 

piece. 

Figure 7. 

The data are reproduced in Table II. These 

From this, the local graphite wall regression distribution was 

Finally, this was integmted to give the total weight change for the test 

The calculated weight losses are compared with the observed values in 

It i s  apparent that the calculated values are on the average lower than 
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Figure 7 

Cornprison of Observed and Calculated Overall Weight Loss - 
19-Hole Uncoated and Unfueled Elements 



those observed. The avemge deviation is  12.5%. The lower calculated conosion 

weight loss i s  probobly due to the foct that erwion effects hod been neglected. 

Consequently, tb42 agreement between observed and calculated data can be cm- 

sidered to be fairly good. In view of the fact that the data were taken over a wide 

range of pressures (300-lo00 pia), th is provides further evidence on the validity of 

the first order rate equctions postulated. 

AUC - Graphite Annulus 

5 
Hydrogen corrosion in cm&, gaps, and slots had been studied by Landahl; 

however, only one complete set of data was mken. The study wos carried out in a 

60-inch long gmphite annulur (AUC graphite) with an 1. D. of  1.125-inches and on 

annular gap of .  01-inches. The local temperature and the woll regression were 

experimentally measured ond the data are g i v e n  in Table II. 

With the known geometry, flowrate, upstream pressure, and the temperature 

distribution, the pressure distribution was fir;t calculated. A step-w+ integmtion 

of the flow equation was then carried out to calcdate the local dynamic methene 

and acetylene concentrations. m e  procedures are discussed Appendix 111. Finally, 

the local corrosion mtes were calculated from the equation 

The calculoted local corrosion mtes ore compared with the observed volues in Figure 

8. The excellent agreement between observed und calculated locol corrosion mtes 

provide further evidence on the validity of the rote equ-tio.rs postulated and the 

reaction velocity constants used. 
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Uncoated Coolant Channels -. 

During environmental testing of NRX-A2 fuel elements, i t  wos found that 

one element had two coolant channels that were predominantly uncoated. Channel 

3 was bund to be uncooted up to approximately 42-inches ond Channel 1 was un- 

coated up to 34-inches. The local corrosion rates were measured and the results 

are given in Table 111. The total measured weight loss for the element w a s  30.7 gm. 

Since the temperature, pressure, and flow distributions For this test can be 

readily calculated, %is data can provide an excellent check on the validity of the 

rote eqmtions proposed and the correlations for the reaction velocity condonts. 

Details on the computational procedure are given in Appendix IV. The cal- 

cdated local corrosion rates are compared with the observed values in figure 9. 

The calculations were k e d  on average flowrotes and average material temperatures 

(between the maximum internal and the surface temperatures). The pressurs and 

temperature distributions urd are g:ven in Appendix IV. 

i t  i s  evident from Figure 9 that there i s  good agreement between h e  observed 

and calcula?ed corrosion rates. An integration of the local corrosion along the coolant 

channels gave a total weight loss of 33.0 gn, which i s  also in good agreement with 

the experimental vaiue 3f 30.7 9. The somewhat higher calculated value may be 

due to the uncertainty of the exact lengths of the uncoated portions of the coolant 

channels. 

Center Hex Corrosion 

Durins the eavironmental testing of a single cluster in the A-10 furnace, 
7 

severe corrosion wos observed on the center hex. 

surface, facing the Berlox insulator sleeve. The graphite surface was exposed to 

hydrogen flowing axially down the annulus. Local corrosion measurements gave a 

Corrosion occurred on the grap5ite 
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rqresion profile which showed J graduol increase to a maximum at 22-mche from 

the inlet and then decreased rapidly w i th  incrcming distmec. 

i s  unknown, iimited tmpemture meosurernenb were made with thennal copsulei at 

a poritior. shown in Figure 10. 

Altnovgh the flow-ota 

Near the inlet, the methane concentration must be negliqiblc Since the 

inlet pressure is known and it did not decrease appreciably for shor t  distances, the 

graphite wall  tempemtures were calculoted from the locai corrosion nremurements 

by *e equation 

618 k, P 
r =  mils per minute 

TG 

where k 

assumed that TG = T 

ship 

i s  a Function of the wall temperature. For a good approximation, i t  was 

and the wal l  temperatures were determined fmm the relotion- 
W 

The temperature neaiurements and calculated valua are compared in  figure 

10. It is evident h t  the calculatltci volua are consistently higher thon those ob- 

served, but i t  Is known that the temperatures at the corroding surhces are higher 

than those at which they were measured. This suggests that the thermal capsule 

temperoture me isurements were fairly accumte. Thus, using the thermal capsule 

temperature measurements os a guide, the complete temperature distributiaq nos 

estimated as shown. 

I f  both the temperature and pressure distributions are fixed, only one flow- 

ra:e can give the particular corrosion distributicq observed. Consequently, the 

gh the annulus was determined by a trial and error procedure. 
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Calculated Temperatures in the Single Cluster Corrosion Test 
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The single cluster was opemted at ne-r maximum temperatwe, for a period 

of 35 minutes. During this period, the pressure drop decreased hi 55 to 20 psi, 

and the total hydrogen flowmte varied from 150 to 212 sch. FJf the pqmse of 

the following calculatim, on average pesure drop was assi-.nd. 

were carried out os follows: 

The calculations 

1) assumea flowmte. 

2) calculate the pressure distribution. 

3) calculate the corrmiwr distribution. If the results ogre with that oberved, 

then the osruned flowmte is correct. I f  it is not, repeat Steps 1 - 3. 

Since the wali regression is small canpored to the diameter, a constant perimeter was 

arsuned b r  the calculations. 

with the observed low1 cornions in  Figure 11. It i s  evident from this figure that a 

flowmte of 1.272 x 

agreement between &served and calculated corrosion distributions. The somewhat 

lower calculated values at the 21 to =-inch locotion may be due to errors in the 

temperatures estimated for this region. 

The results for two different fluwmtes are canpored 

Ib/sec (1.39 scfm) through the annulus gives very good 

DISCUSSONS 

Corrosion Measurements as Aid to Anolvsis 

From the exanpla given on the m l y s i s  of comxhn, it has been shown that, 
c 

given the correct mte quot*kms and nxactioq velocity constunts, locol cornion in 

a flow s p t e m  is a function of 

1) the temperature dishibutim, 

2) the pressure dishibu:ion, 

3) flowra te, 
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4) reaction surface area distribution, a d  

5)  initial and/or baurdory hydroadxm product ooocentrotiocrs (in the case of 

fresh hyhgen flow through a tube or annulus, the probct aoncentrot'lora 

at the entmnce are z w j ,  

It 'las been dmnnstmted that, given the above inbnnation, local oonos'kn 

can be predicted It has been shown further that i f  locol cono~ion measurements 

are cvailable, m y  of the five (5) variables con be determined f run the a m i o n  

doto and the other bur (4) b w n  wrrio5les. rhis is demorrrtmted by the following 

exomple, 

In the c0rnio.l of the gmpclite annulus, temperature data were available m i y  

up to 45.5-inches from h e  Inlet, whereas Iota1 comnicrr rates were measured up to 

%-inches. In view of the excellent a3reement between obdcrved und calculated 

c0rrosio.r rates, the local temperatures be@ 45.5-inches con be determined by 

sttropolation with the aid of local expe6mentol corros'm dah. The resulb rn 

shown on Figure 8. 

m additional means of temperature determination in NERVA test reactoh or component 

tests, particularly in high temperature regions where avoiloble inatrunentotion ore 

inadeqwte and urrreliabie. 

It is suggested that local corrosion measuemenh am owvide 

Mechanisms of Hydmgemrtion Reactions 

The validity of the fint order rote equot-orrs b r  both methone a d  otetylene 

fbrmotim has been well substo3iiated from experimentol doto. However, detailed 

mec!onisms co7 31sa be derived to s h o ~  the first order dependence of the mte 

eqwtioq. 

surfoce reaction mechanisms fron which Q first order rote equation can be derived. 

lk ths methone reaction, both Heddea ubd Zielke and G r i n  postulated 
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following step: 

Sm (b) is  a urrfoce reorrargement step d is eroected to be rote-cmtrolling. 

The first step is os~uned rapid; hence, the concentrotion of C H can be oscllned to 
be at its equilibriun value. The resulting rote equation is then 

"C2 H2 

d t  

where C , the initial concenmotion of active sites, is proportional to the gmss 

surface area, S. A derivution of Quotion (24) is given in Appendix V, Lunping 

al! the constants into one yielck 

0 

= kpS ( CW 2 -  
k2 H2 

d t  

which is identical to Eqwtioo (7). 

I t  has been shown that the mechanisms of methane and acetylene reactions 

may Se attributed to rote controlling step rhot fallow the some initial step in which 
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a single curbar bond k hydmgemtul. Since  this first step is kt ad methone ad 

ocetylme art bmed by w c c d i n g  pomllcl stqs,  the additive contribvtion of the 

m~~t ioca  )O the corrosiocr of graphite k therefore valid. This am be summarized 

by the bllowing s t e p :  

C 
G) 

C 
G) 

c2 “2 
(9) 

“4 
(9) 

both acetylene ond methart  fomKltiaa are hnctiom of she surfocc campla C,’ 

which is in turn a function of the ~ ~ O S S  surfoce areo. 

It must be pointed out that the effects of czlemicol reaction and emx’bn were 

deduced from overoli graphite surface regression &to. It is obvious thot Cor o more 

riwrous study on the kinetics of the chemicol reoctiora, the effects of chmiaol 

reaction ond wsion must be s t d i e d  repomtdy, and iratuntawora rsaction &to 

would be required. However, in view of the h c t  tho: h e  eff-ctive gross reocting 

surface area m y  wry from material to moterial and thot it connot be m-iund or 

rigomsly defined, such on approoch wi l l  pmve most difficult. 

It Is important to note that following Hedden, the basic rate quatiom were 

written in terms of concentrations. 

methane and acetylene formations in t m  of partial p e ~ ~ r e ~ ,  i. e. 

It is equally permissible to write the rates of 
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"C H4 'C HI 
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Note that the gmwl (orar of the rote quotion is rel~ined, but the damminotar now 

dom not h c ~ ~  a tanpemtwe. comquentiy, the colculoted reaction velocity c m -  

sbmtr would give diffsrsnt values and diffarsctr mi& Either Quotion (2!5) or (26) 

could hove basn d, ad he first was chosen m d y  because the resulting reaction 

Udocity mtont gives wits in terns of inches per seamd, which is onologous, but 

by no meam equal, k the rote of surfkt mpssioh 

The detoiled mechanisms postulated here w w  barah on the assumption thot 

surfoce reoctiorr is rote-contrdling. This was ganemlly omand by al l  previous 

Tho, this rnduniun is carristarrt with the ownption that 
1 2 3 4  

invsrtigatus. ' ' ' 
oomzaion is bored on the grosr external surfoce area am be seen as kllom: Grophite 

is known to be Q relatively prrwn material, poussring loge pore surface areas. 

However, if  the rote of pore diffusion is siwificontly slower than the rota of surface 

rsoction, then the 

sequently, no significant rsoct im can toke place in the pores. The hydrogen- 

*ophite reaction continuously ranoves the solid moteriol, thus exp0ri-q fresh surface 

active sitar. This phenomenon s-b that 

within the pores would be saturated with hydrocarbons; con- 

1) 

2) 

the mte of rurfoce reaction is slower than the rote of pore diffusion, aqd 

the total surface active sites available for reaction, hence the grass est- 

temal surface area, is  approximately a constact. 
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These phenomena hove bem well substantiated by the successful correlation 

of the &to. 

the gross extcmol surface orws. Moreover, they vory with the densit-0 and porcsity 

of the gmphite material. Hence, i f  the rote of hydrogen-gmphite reoctiorr is con- 

trolled by pore diffusion, o sigrifioont conelotion a d d  not hove been obtoined 

among the different gmphite ntoteriok 

The internal pore svrfoce arem are known to be mony times greater than 

Rates of Bulk Diffusion and b e  Diffur'm 

k t  of the &to treated here were taken at relatively high flowrates where 

the resistonce to twbulent nuus tronsfer is negligible. However, in many procticol 

situations s& cn occurs during intmtit iol flow in the NERVA reactor, hydrogen 

flow is essentiolly laninar. In this dose, i t is necsrory to know whether surfoce 

reoction is s t i l l  mt-nhlling or whether the resistonce to diffusion has iwxeased 

appreciably so thot the zwbce mte-oontmiling mechon'm becomes involid. A 

detoiled onolysis of the diffusion phenomenon k treated in Appendix VI. A com- 

prison of alculated rates of diffrsim versus the apparent rota of reaction shows 

thot the rote of bulk diffusion is thousands of times greater thon the apparent rote of 

remction ond ?he rote of Knudsen diffusion is hundreds of times gaater than the 

apparent mte of reaction. These facts provide further evidence that surface reoction 

is the rate m t m l l i n g  process. 

It should be pointed out here that since surfoce rwction is rate-controlling 

ond resistance to moss transfer i s  negligible, the surfixe temperotue may be wed 

instead of the bulk tempemture throughout the rote eqmtions. 

Corbon Deposition 

As discussed in the Appendix, a stmight-brward step-wise integration pm- 

cedure was used to calculate local methane and acetylene concentrutions and then 
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the locol corrosion rota. Although this procedure has been useful for the conditions 

calculated, it con be r d i l y  shown that this does not permit the prediction of corbon 

deposition, i. e. the revers; reaction. To compensote for this deficiency, i t  is only 

necessary to check the local mtio of mole fraction methane to the equilibrium con- 

stont, y /K . When this d u e  approaches one, then an itemtiom procedure con be 

used to calculate the local m e h e  concentrations, Grrsequentiy, for general 

purpose calculations, a computer solution is reummended, 

1 1  

For the acetylene reoction, y2/K2 is generally less thon one. This indicates 

thot carbon deposition does not occur in the acetylene recction. This fact cleorly 

suggests h o t  cormion due the acetylene reaction is potentially more serious i f  

the reoctor attoins temperatures greater thrrn those encountered at the present. 

Effect of Rodiation 

G m e y  ~ n d  b a s 1 ’  studied the eiiects of pile radiation on the reaction 

between hydrogen ond gqhite. The results show that at a pressure of 30 p i a  and 

a temperature of 13600~~ h e  rate of reoction forming methane is  I O  timer greater 

with radiation t)ron witttout, but at I ~ R ,  i t  i s  only 4.4 times greater. The trend 

suggests thot at the considerably higher temperotures encountered in h e  reactor, 

radiation may hove a negligible effect on the rats of corrosion. 

borne out by l imited data obtoined at higher temperatures by LAX. 

This seems to be 
12 

Heats of Reaction 

It is kn0wnl4 thot methone and acetylene fomtions ore exohermic 

reactions. giving 32,200 BfU/lb-mole CH4 and 54,OOO BTU/lb-mole Cp H2’ In 

the experirnentul studies analyzed here, the temperotures were controlled, and the 

hydrogen flowrata were large. 

neglected. 

For these conditions, the heat of reoction con be 

However, i t  is conceivable that the heat of reaction m y  be important 
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d e r  special conditions in which  the heat input is helc! umstant and corrosion is 

s i g n i f i a r t .  

amlyris. 

If such a sitvotiocr arises8 the heds of reoction must be included in the 

Mattiman Loco1 Rate of h i o n  

The generol equation for the local rote of corrosion is given by 6quotion 14. 

In mony eases of yxticcrl interest, the local m e h e  ond acetylene concentratiora 

are negligible and/or the rot& y,/K1 and y c / K 2  in hwtion 14 are negligible corn- 

pored R one. This implies that the revease rwctiom are negligible. In these in- 

stances, the load rote of conos*on approach the maximum theoretical value given 

by the genemi equation 

618 (1 + 47.5 p G ) KP mils 
=1- min 

- 
where 

velocity in Ib/in -ec, and K is defined by huation 12. 

i s  a function of the fuel loading as given by Equation 16, G is the mass 
2 

Typical c~fes where maximum corrosion rote is approached are the fol- 

lowing: 

1) flow inlet regions 

2) Fuel element coolant channels where cmclo in the niobium carbide 

coating exist. 

&rtd tests during fuel element testing in the A-2 fumce. 

such instances, r d t i n g  from thermal stresses, caused a mmber of 

3) Core peripheral corrosion near the hot end, where OC~I/IQII defi- 

cient hydrogen comes ink contact with hot surfaces. 

4) Any location where id' ordo) of grophite are exposed to !*la- 

tivefy large amounts of fresh hy.;roeen. 

An anolysis of specific w i l l  be presented in a later report, 
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Recmmmdd kperimsntol Studies 

horn the experimentd doto obtained at LASL on u02-fueled graphite cou- 

pone, i t  wos shown that the omount of fuel looding hos a signifiamt effect on the 

erosion of the material. bwefver# NERVA fuel dements arc currently mode w i h  

UC2 fuel boo&, a d  wdl-contro l ld  experimental corrosion dota or! the latter 

mtsn'ol is not ornilable. It is apporent k t  such doto are urgently needed. It i s  

s-td that do% e m  be r e d l y  obtained by mounting uncoated fuel element 

sect'm in the support Mock holder of the A-2 furnace. 
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From the results of this study, i t  m y  be concluded that within the mnge of temper- 

otures and pressures of concem in the NERVA reactor, both methare and ocetylene formations 

ore importunt reoctions contributing to the overall corrosion of gmphita ihs methane and 

ocetylene reactions can be simply represented by first order rate equations that arr pro- 

portion01 to the gross exposed surface arm. The activation energy h r  the methone reaction 

k 27. 2 kwi per gm-mole and that for the acetylene reoction is 48.9 kcal per gm-mole. 

The specific reaction velocity constants con be given by the eqwtions: 

O d  

k, = 574 exp (-88,ooo/RT) in/sec 

where: R = 1.9872, and T i s  in degrees Rankine, 

The equations are specifically applicable to ATJ, H4LM, AUC, SPK, and unfueled 

gmphites. 

are expected to apply, but experimental data should first be obtained before the equotions 

con be used with full confidence on these latter materials. For CIC2-fueled graphite ele- 

ments, the frequency factors in Equations (28) and Q9) should be mdtiplied by 

For other types of gmphite, such as ZTA and Gmphitite "G", the same equations 

1 +47.5pG 

2 
where G i s  the muss velocity in lb/in -sec, and 

(30) 
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i; tht JC fuel loading in p/cc,  s i s  the speciFic gravity of the fuel, cnd P is the 2 
specific gravity of the graphite matrix. 

It must be cautioned that in view of the puc i ty  of data on the corrosim of uncoated, 

UC -fueled graphite, Equation (28) must not be %trapolated to mass velocities appreciably 

beyond that for which data were available, i. e. Aaditional data is  

required to determine the exoct nature of erosion and the effect of fuel loa4ding on th is  

phenomenon. 

2 2 
.295 lb/in +ec. 

The dato correlatea in this study were obtained ever pressures ranging from 0016 
to 1100 p i a  and at temperatures ranging from 1800'R to 64!50°R. Since the correlations 

obtained covered a variety 04 graphite materials, the f irst order rate equations pmposed 

here and the reaction velocity constants developed may be used with c0nfidecc.e for  the 

prediction and analysis of corrosion on graphite materials and reactor coniponents. 

The results from the analysis on the rates of  bulk and pore diffusion leaves ':'tie 

doubt that surface recction i s  the rate-control I ing mechanism. 

Due to the anistropic nature of pyrographite, tke mechanisms of corrosion of th.5 

material appears to be quite complex and i t  is  not w d l  understood. 

necessary in order to ascertain the differences in corrzsion rates between "a' and 'IC" 

planes. 

Further research i s  

' c " ' ' M W V I A 1  - 
9WTRKTED DATA 
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a pop.rtiorwrlity oonstmt 

o proportiodity amtant 

concglhrnbn or aorrosion perimeter 

cans vdocity 

activation energy in Ahmius &tb&ip, amsktemt mils 

brmrd reaction velocity amstmt 

reverre reaction vdocity cmstont 

equilibrim amstmt or pseudo reaction vdocity ooratant 

fwl looding, gram fud per cc fueled gmphite 

n u n k  of m0ie.s of c #wnponent 

toto1 molar flowrate, lb-moles/sead 

loco1 pressure 

rote of hydrocarbon tomtion, or surfoce regression 

gas m t o n t  in consistent units 

specific gmvity of the uroniun fuel C0mp0und8 gm/cc 

grws reactive surface arso 

corrr#ion time, s d  

temperature 

weight 

mole fmction 

axial distance along a fiow channel 

carbon or chemical 

methane 

acetylene 
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APPENDIX I 

Simplifying the Rate 6quotions 

By assuming ideo1 gos behavior, the rote equations can be written in t m  of mole 

fractions and the total pressure and bulk gas temperotwes as follows:* 

'C H4 

yc H41 
d t  'CH4 K , \ l  - 

nC2H2 - k2 S P - '5 "2 ) ( ' - 'C2H2 K2 
-- 

TG 
d t  

for the conditions at which available experimental doto were taken, the equi!ibriun mole 

fractions of mehane ond acetylene are moll compared to 1 and Equotions (1) and (2) can 

be simplif ied give 

kl S P  d n  

d t  

*Since the first order rote equation can be attributed to either an adsorption or surface 

reaction mechanisn-, this implies that moss transfer f m n  the bulk phase to the gos-solid 

interface i s  mpid; whence the interfacial concentrations ore equal to the bulk concen- 

trot ionr, 
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nC2H2 - - - k2 SP (1. -&) yc2 H2 

l G  
d t  

Astmmea 0 -m 
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(4) 

In oddition, i f  the graphite sanples or the reaction surfaces are small, or i f  the hydrogen 

velocity (in a flow reaction svstem) is hi&, the mole fractiom of he hydrocarbons are 

small and the ruth y /K COR be neglected; whence, the rote equations c m  be futher sim- 

plified to 

kl SP d n  
CH4 - 
d t  R7G 

--- 

k2 SP 

' G  

d n  
C2H2 - - -  
d t  

If the two reoctions ore linearly independent, the rote of p p h i t e  camxion in mils per 

minute, r, can be given as 

618 P 618 K P  
r=- k l+2kp  = - 

TG TG 

where 

TG K = k l + 2 k 2  = - 618 P 

can be considered on overall, pseudo reaction velocity constant. 

50 
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Isothhermol Corrosian for Short Corrosion l imes 

The generol flow reactor equotion, obtained from o moss balance of c o h  in the 

gmeors phose con be written in t)le form 

whse is  the mte uf m e h n e  fcnnotion 

is  the rote of acetylene formation '2 
y1 and y2 are the mole fractions methane ond acetylene, respectively. 

In general, y1 ond y are small compared to 1, ond the toto1 molor flowmte, N, can be 

auuned to be o constunt. Eqwtion (1) con be reduced to two equations: 
2 

O l d  

but 

r1 dx = Nd y ,  

r 2 d x  = Nd y2 

- 
'1 

where C i s  the corroding perimeter. 

Substituting into (2) and (3), we have 

k1 PC (1 - c) dx = N d y l  

TG 

(4) 
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The local rote of  surfbce regression, neglecting erosion effects, can be given by the equr'ion 

y2 1 - -  d r - ~ [ k l ( l - $ ) + 2 k 2 [ l - q ~  d t  

where r is the surface regression in mils, and a i s  a proportionality tonstant. At steady- 

state, the term on the right is a constunt if surface regression i s  small compared to the dia- 

meter of  the flow channel (this implicitly assunes that the c o d i n g  perimeter is a constant). 

This is  true for the case of short reaction times. Thus Equation (12) can be integrated to 

give the total local woll regression after time At 

or 

kl C P X  k 2 C P X  - .. d-=K (k,e KIRTGN + 2 k 2 e  K2RTGN 
b 

finally, to calculate the overof1 weight loss of graphite, Eqwtion (13) must be integroted 

along the flow channei 

L k,CPX k 2 C P X  

[ ( k l e  
K1 RTGNt 2 kq e K2RTGN) dx 

- - -  - 
A W T = p  

which gives . 
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In the case of isothermal raaction, T i s  a constant along the flow channel; hence, K2 and 

K are also constant. In addition, if the pressure does not vary appmciably, Equation (6) 

can be integrated directly by rewriting them in the bm of 

klK lx d x =  Ly' 
G 

K1 N R T  

Simi lad y8 

G 
(9) 

From which one obtoins the following far the local concentrations of methane and acetylene: 

k, C P X  

ond 

- y2 
= e  

1 

k 2 C P X  
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k, PCL - -- 
A wT = a N A t  [Kl[l - e  ' lRTGN)+2K2(  1 - e  

Using the consistent units indicated in the nomenclature, giving 
5 a should be equol to 3.26 x 10 . Equation (14) was used to colalate the weight loss of 

approximately 12-inches long, unfueled, 19-hole elements. The experimental flowmtes 

ond pressures and other conditions are given in Table 1. Since the corrosion time WOS only 

one minute and the muterial temperature was constunt at 3730°R, the assumptions used in 

the derivation of Equation (14) are valid in th is  care. 

preheated to 3732'R before entering the test element; hence, the 90s and surface temperatures 

ate equal. 

Wt in  g m ,  the constant 

For th is porticular test, the gas wos 
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Non-loothermal Corrosion With Constunt Corrodina Perimeters 
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~ ~ ~~ ~~ 

The flow reaction equations for methone and acetylene are w i n  givm here 

k, P C  
‘ ~ [ l - ? )  dx = N d y l  

In a long flow chonnel in which the tmperoture is a function of the axial position x, 

Eq;ntiarA {l) and (2) connot be integrated over long distances. However, by toking small 

finite increments constant temperature and presswe con be assuned br that increment, 

and a step-wise integration can be carried out to calculate h e  locol methaw and acetylene 

concentrations. This gives the results 

k,CPAX 

k, CPAX 
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where n denotes the 7th I~t:m~eni taken w i th  incremental length AX. Note that at 

and y are zeros and tlre methane and acetylene concentrations for subsequent 

intervals con be reodily colculoted. Tnz local surfoce regression rate is than calculated 

from the equation 

2 n = 0, Y\  

k r  the graphite annulm, corrosion occurred on both surfaces of the annulus; tanseqmtly, 

the corroding perimeter remains T constant, and Equation (5) holds for al l  comsion times. 

For the small annular flow passage, the gas temperature was again assumed to be equal to 

ilie corroding surface temperature. 
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In the corrosion of uncoated coolant channels, the depth of corrasion relative to 

the channel diameter is  not nsgligible and ths L '  . d i n g  perimeter varies with time. Since 

the obselvd local surface regression represents an overiil value while the c'y sved rates of 

corrosion are avemge values, Equations (4) and (5) in Appendix ill must be solved for small 

t h e  incimenis. Ihe calculated cumulative regression divided by the total corrosion time 
- 

is then the avemge rate of corrosion. Letting the subscript i denote the ith increment 

in axial length and i the jth time increment, then me solution for the local methane and 

acetylene concentrations are 

k, C. P AX - -L- 
[I-+)  = t o ? )  e K1 RTG N 

i + l ,  i i, i 

and 

k2 C. P AX - I .' R T - N  (1-2) .=\I-:) e '2 \7 

i + l ,  I i, i 

The corresponding rote of surface regression i s  then 
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APPENDIX V 

Medwm'kn of Hydmgmo ticm Raictionr 

The C;or.notiwr of acetylene by the reaction of hydrogen with &ite con be OSIIllndd 

to follaw h e  following steps: 

1) Adsorption of hy&ogai on swfoce active sites: 

H H  

'C2H2 = K  o (C v p H2 1 eq. (3) 

where K i s  the equilibim coratont for the adsorption step, Cv is the amcentrotion of 

w a n t  sites, and p 

is then 

0 

is the partial v u e  of hydrogen. The rote of ocetylenc fbrmotbn 
HZ 

nC2H2 

d t  
= k  2 C C 2 H 2 ' - ' i  'C H 

2 2  
(4) 
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But the equilibriun m t m t  of the second step is given by 

Whmce Eqwt-on (4) am be m-tteri in the Corm 

= k 2 K o C ~  (%i2- 

nC2H2 

d t  
oq- 

K % =('?)- 
6qwtim (6) c a ~  ako be written in terms of concenhotiaa, giving 

"C2H2 

d t  
eg. 

WANL-TM-I 151 

Now i f  the eqai;"hiwn concentratmn of s h c e  active sites covered is negligible compared 

to the available active sits, then 
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C = a S  
0 

“C2 H2 

d t  

I 
K S C  0 \H2 - 
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APPENDIX VI 

Q o b  of Diffusion and W o n  

The mess -fer mechanisms which may conceivably cartrpl the rote of amdon 

rm?, 1) d i h ' m  of hydogm fnwn the bulk sirean to the solid- interface, 2) diffus'm 

lhhrough the pore, 3) diffusion of reoction ploducfs Out of the pores, and 4) d i h i o n  of 

pmducts f r a n  the vopor-rolid in&e to the bulk s t m m ,  To annpore the mtes uf difb'orr 

d apparent rota of aoncrr'kn, the hulk m d  p r e  diffusion of 

and corrpaed with the oketvd ovemll ~ t e  of me- f#nrat;on. 

sholl be calculated 

The roteof lonnotion is given pev;ocsl7 by he eqwtion 

d n  
"4 

d t  

The rate of hulk methane d;ffk'bi am be written ia the brm 

D P  d n  
V 

(Y+ - y)  d t  -m CH4 - 

where 0 is  the diffuaivity, yf is the mole fmction methone at the vopor-solid interfoce, 

y is the mole fmctioo m e h e  at a distance hx frwn the vopor-solid interface. 

thot AX i s  sb .-iciently great 50 that y = 0, Equation (2) reduces to 

V 

kuning 

D P  d n  
CH4 - V 

d t  -m y+ (3) 
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Note that i f  bulk diffusion is ossuned rote controlling, then y* should oorrcapnd to the 

equilibrium mole frrrction at the temperature of  the ---lid interCace. This <rsumption 

should a b  aive he minmam rote of diffusion, Now he moximun rote of methane for- 

motion occun when y f i ,  is negligible. In this limit, won (1) beawnes 

dnC t i 4  kl P 

d t  =Tr (4) 

b detemine the relutive mtss of diffkion and s d k e  rwction. 

A typical condit-m  der did methme i s  he pr-nnary razrction W t  is 25000~ 
in 15 and 600 psi& h r  these conditions, k, = ooo6 - 8 y' = -  19. 

the difkion a d i c i e n t  arlculoted for these amditiorrs in the bimry rnethane-hydrogar is 

201 - . Comparing bulk diffusion d apporent reaction mts: 

fdbwing Bird et.01. sec 

in 2 
sec 

in 
Methone Fbrmatian: k, =.0006 - 

sec 

Diffusion: 

It can be readily seen hot br any reasonable value of  AX (given in inches), the rote of 

diffusion is significantly greater than the rote of surface reaction. further, i t  should be 

recalled thot the apparent reaction rote calculated i s  the maximun ~ ~ u e !  Since diffusion 

is more mpid than he opparent rote o f  reuction, it is obvious hot turbulent moss transfer 

would be even greater! 
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Pore Oilhaion 

I f  the pore diameter is large compord to the mean free path of the d 'h ing  mole- 

cuies, then the rate of p r e  diffusion is equol to the rate of bulk diffusion. I f  the pore 

diameter is on the order of the mean fiee poth, ++ten Knudsen diffusion OCCUIS. In grophite 

materials, there exists a wide spectnm of pore diameters, covering a ronge os wide as 15 

to 100,000ongrtrwrrs. l6 Nightingde16 showed that for  CSFand AGO1 type gmphites, 

the total pore wluner accessible from 15 to 170 A pore dianeters is 0.0021 an /g and 

thot which is accessible from 2000 to 100,OOO A poie diameters is 0.68 an /g. Since the 

mean free path of hydrogen is 1600 A and that of methane k on the order of 500 A, 

becomes evident that bulk diffusion dcrninates in the pores. 

interest to compare the mtes of bulk d i fb ion  and Knudsen diffusion. The diffuaivity for 

K n d e n  dih ion is given by 

3 
3 

17 
it 

Nevertheless, i t  would be of 

18 

- I -  2 

where M is  the molecular weight, and r is the pore md ia  fbr the m e  tempemlure of 

2MOoR and using a minimun d i m  of 7.5 A, the volue of Knudsen diifusivity i s  0.0638 

in /sec 

least 32 times greater (if the length of diffusion path, AX, i s  orsuned to be equcl). However, 

it is obvious h a t  h e  rote of Knudsen diffusion is sig.lificontIy p a t e  than the owren t  rote 

of reoction. It may therebre be corrcluded that surface reaction is the rute-controlling 

mechanism. 

2 
Comparing this with the bulk diffusivity s k  ttmt the mte of bulk diffusion ii at 
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TABLE I 

LASL brr0S;on Tests on ulloodsd, 19-Hole Hexes 

1129A32-97 

11 29A13-99 

1129A40-97 

1129A2-99 

1 1 29A1 7-99 

1231 AA-4 

1231 AA-48 

1231 AA-28 

1231 AA-28 

- 4.4 

- 9.3 

- 7.9 

- & 2  

- 4.1 

- 4.5 

- 5.3 

-6 .7  

-6 .0 

67 

67 

67 

125 

67 

67’ 

67 

125 

90 

560 
loo0 

loo0 

Y O  

300 
400 
650 

550 

S O  

1 2-7/T 6 

12-7/16 

1 2-7/16 

12-7/16 

1 2-7/16 

12 

12-5/18 

12-5/8 

12-5/8 
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TABLE II 

Corroriocr of A X  Annulus 
1-1/8 Inch Diameter, .010 Inch Gap 

-2 
Flowmte = 1 . 3 9 ~  10 Ib/sec 

Upstteam Qresswe = mpig 

Presswe orop = 420psi 

Total Run Time = 2min 6- 

5352 

5892 

‘i 5892 

In. horn Inlet 1, OR brms’bn, mils 

12 0 

15 3912 

22.5 4632 
24 11 

30 26 

31 

18 6 

3 2  5 50,5 

34.5 
35.5 69 

37 80 

40 a5 
4 2  5 85.25 

45 85 

48 83 

54 76 
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TABLE I l l  

Run 331 

Fuel Element AC89-08390 

Run Time = 5 minutes at tempsrotue 

Total Weight Loss = 30.7~ 
Total flowmte = 4.42 Y 10 

Inlet Restwe = 665 pig 

Outlet Pressure = 560 pig 
-2 Ib/sec 

Wall Re9ress'm Rote, MiIdMin 

X, fn. h#n Cold h d  i, OR Chonnel No. 1 Chonnel No. 3 

10 

20 
30 
43 
50 

52 

2600 4.5 

31 30 15.5 

3650 27.0 

4260 

4900 

4650 

3 
12.5 

a 5  

44.5 
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TABLE IV 

Gmion of Unlined Support Block* (ATJ Graphite, Sp. Gr. = 1.73) 
500 psia 

Averoge Averoga 
2 1, OP Gmicm Rote, &an -in Wall Regmion Rote, mik/ain 

3732 7 1.59 

41 a3 
4272 

14 

22 
3.18 

5.0 

4452 30 6.82 

4642 

4952 

40 

50 

*Unpbblished dota from C. A. hndahl, LASL 

9. lo 

i1.37 
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